Abstract We compared the severity of white matter T2-hyperintensities (WMH) in the frontal lobe and occipital lobe using a visual MRI score in 102 patients with lobar intracerebral hemorrhage (ICH) diagnosed with possible or probable cerebral amyloid angiopathy (CAA), 99 patients with hypertension-related deep ICH, and 159 normal elderly subjects from a population-based cohort. The frontal-occipital (FO) gradient was used to describe the difference in the severity of WMH between the frontal lobe and occipital lobe. A higher proportion of subjects with obvious occipital dominant WMH (FO gradient B-2) was found among patients with lobar ICH than among healthy elderly subjects (FO gradient B-2: 13.7 vs. 5.7%, p = 0.03). Subjects with obvious occipital dominant WMH were more likely to have more WMH (p = 0.0006) and a significantly higher prevalence of the apolipoprotein E e4 allele (45.8% vs. 19.4%, p = 0.04) than those who had obvious frontal dominant WMH. This finding is consistent with the relative predilection of CAA for posterior brain regions, and suggests that white matter lesions may preferentially occur in areas of greatest vascular pathology.
Introduction
White matter lesions are widely detected on brain MRI scans of elderly people. As suggested by neuropathological studies, the frontal white matter develops later during youth and deteriorates earlier during aging than the posterior white matter [1, 2] . The frontal lobe dominance of white matter lesions with aging is supported by population-based MRI studies [3] as well as by studies using diffusion tensor imaging in normal elderly subjects [4] . However, elderly patients with posterior dominant white matter lesions are not rare in clinical experience.
Disease of the mall cerebral vessels is considered to play a central role in the pathogenesis of white matter lesions. The distribution of small vessel involvement varies among different pathological processes. Hypertensive arteriosclerosis can be detected in both cortical and subcortical areas without specific preference for any lobe, while in cerebral amyloid angiopathy (CAA) the posterior regions (including the occipital cortex), are predominantly affected [5] . It is not clear whether the pattern of frontal lobe dominance of white matter lesions varies with different regional distributions of underlying microvascular pathological changes. Since the most accepted mechanisms attributed to the development of white matter lesions are ischemia and chronic leakage of fluid and macromolecules [6] , the white matter lesions might be more severe in areas where more vessels are affected.
In a cohort comprising 182 patients with primary lobar intracerebral hemorrhage (ICH) caused by CAA, periventricular white matter hyperintensities (WMH) were found to be greater around the occipital horn of the lateral ventricle than around the frontal horn, which supports the previous hypothesis [7] . However, when compared with patients with deep ICH caused by hypertension, no difference in the supratentorial distribution of WMH was detected using voxel-wise frequency analysis [8] . To better define the significance of these previous findings, we specifically compared the severity of WMH in the frontal lobe and occipital lobes within each subject, as this comparison has not been performed in most studies to date.
In this study, a semiquantitative visual MRI score was used to compare the severity of WMH in the frontal and occipital lobes in each subject. We then sought to determine whether the pattern of frontal or occipital dominant WMH differed among patients with CAA-related lobar ICH and hypertension-related deep ICH, and healthy elderly subjects.
Methods

Study population
Subjects in patients with ICH were drawn from an ongoing longitudinal cohort study as previously described [9] . All subjects were recruited from among consecutive patients age C55 years admitted to the Massachusetts General Hospital from January 2003 to December 2008 with lobar or deep ICH. Lobar ICH was defined as selective involvement of the cerebral cortex and underlying white matter. All subjects with lobar ICH (n = 102) had a diagnosis of probable or possible CAA as defined by the Boston criteria [10] . Deep ICH (n = 99) was defined as ICH involving the basal ganglia, thalamus or brainstem. This study was performed with the approval of the institutional review board of the Massachusetts General Hospital. All participating subjects provided written informed consent for participation in this study.
Healthy aging subjects were from the three-city study (3C group) which is a population-based cohort conducted in three cities in France (Bordeaux, Dijon, Montpellier).
The detailed description of the study protocol, approved by the Ethics Committee of the University Hospital of Kremlin-Bicêtre, has been previously reported [11] . Each participant signed an informed consent statement. Among the 4,931 non-instituted individuals recruited in Dijon, those who were aged between 65 and 80 years (n = 2,763) and enrolled between June 1999 and September 2000 were scheduled to have a cerebral MRI examination including T1, T2 and proton density weighted sequences. The data reported here were restricted to 160 participants randomly selected to have an additional scanning protocol including T1, T2, proton density and fluid-attenuated inversion recovery (FLAIR) sequences. Individuals with dementia (n = 1) or self-reported history of stroke (n = 0) at baseline were excluded, so that 159 subjects in this group were included in the final analysis.
Risk factors assessment
Subjects were considered to have a history of ischemic heart disease if a history of myocardial infarction, bypass cardiac surgery, or angioplasty was reported. Subjects were considered to have diabetes mellitus if they were taking antidiabetic drugs, or if fasting blood glucose was C7 mmol/l. Hypercholesterolemia was defined as total cholesterol C6.2 mmol/l or the use of lipid-lowering drugs. Subjects were considered to have hypertension if they had a high blood pressure (systolic blood pressure C140 mmHg or diastolic blood pressure C90 mmHg), or if they were taking antihypertensive drugs. Smoking status was categorized as never, former, and current. Apolipoprotein E (APOE) genotyping was performed using a procedure described elsewhere [9] .
Image acquisition All brain MRI scans were acquired using a 1.5-T magnet. FLAIR images were acquired in the axial plane (TR/TE 7,500/119 ms, slice thickness 7.2 mm, interslice gap 0 mm, 256 9 256) as previously described in 3C subjects [3] . Comparable sequence parameters were used in patients with ICH (TR/TE 10,000/140 ms, slice thickness 5 mm, interslice gap 1.0 mm, 256 9 256) [12] .
Rating of white matter hyperintensities WMH were rated on axially oriented FLAIR images. Multiplanar reformatting was applied to help the orientation of WMH (Fig. 1) . WMH in frontal the lobe were evaluated around the frontal horn of the lateral ventricle and WMH in the occipital lobe were evaluated around the occipital horn of the lateral ventricle. Visual scales were used to rate WMH surrounding the ventricles (B5 mm from ventricle), within juxtacortical white matter (B5 mm from the cortex) and within the deep white matter (defined as the region between juxtacortical and ventricular areas) separately. WMH in the frontal lobe and occipital lobes were evaluated separately. Periventricular WMH were graded as 0 (absent, 1 (caps or pencil-thin periventricular lining), 2 (smooth halo or thick lining). WMH in deep or in juxtacortical white matter were also graded as 0 (absent, 1 (punctate or nodular foci), 2 (confluent areas). The overall degree was then calculated for the frontal and occipital lobes by adding the scores for these three areas (range 0-6). Additionally, the frontal-occipital (FO) gradient (the WMH score in the frontal lobe minus that in the occipital lobe) was used to describe the difference in the severity of white matter lesions between the frontal lobe and the occipital lobes (ranging -6 to 6; [0 implies frontal dominance and \0 implies occipital dominance; Fig. 2 ). Obvious occipital dominant WMH was defined as an FO gradient of B-2 and obvious frontal dominant WMH was when the FO gradient C2. For the subjects with ICH, WMH were evaluated within the hemisphere without hematomas as previously described [12] . The global burden of WMH was evaluated using the scale of Fazekas (range 0-3). One experienced reader (Y.-C.Z) who was blinded to all clinical data analyzed all images. The intrarater agreement for the FO gradient was assessed on a random sample of 60 individuals (20 from each group) with an interval of 1 month between the first and second readings. The kappa statistic of the intrarater agreement was 0.79 indicating good reliability.
Statistical analysis
The different clinical and demographic characteristics of the three groups were compared using the chi-squared and the Mantel-Haenszel tests adjusted for age and gender. To evaluate the risk of having obvious occipital dominant WMH, polytomous logistic regression models (reference group = FO gradient = [-1 to 1]) adjusted for age and gender were applied. To compare characteristic differences between subjects with obvious frontal dominant WMH and those with obvious occipital dominant WMH, the chisquared test was used for categorical variables and analysis of variance for continuous variables. SAS (release 9.1; SAS Statistical Institute, Cary, NC) was used for all analyses.
Results
The baseline characteristics of the three groups are shown in Table 1 . Subjects with deep hemispheric ICH were significantly younger than those in the other two groups (p \ 0.0001). There was a higher proportion of women in the 3C group (p = 0.01). Compared to the patients, the subjects in the 3C group were less likely to be a current smoker (p = 0.05), less likely to have diabetes (p = 0.001) and a history of cardiovascular disease (p = 0.0009), and had a lower WMH score (p \ 0.0001).
The FO gradient distributions in the patients with lobar and deep ICH, and the 3C subjects are shown in Fig. 1 . Approximately 40% of the subjects had a score of 0 in all three groups (39.2% in the lobar ICH group, 37.4% in the deep ICH group and 40.9% in the 3C group). An FO gradient [0 was more common than a gradient of \0 in all groups. The proportions of subjects with an FO gradient of B-1 (which suggests more WMH in the occipital lobe) were 29.4% in the lobar ICH group, 19.2% in the deep ICH group and 16.4% in the 3C group, whereas the proportions with an FO gradient of C1 were 31.4%, 43.4% and 42.8%, respectively.
We further compared the subjects with a gradient of C2 or B-2 which results in an obvious visual difference in Fig. 1 Orientation of the WMH using multiplanar reformatting. The location of the WMH can be oriented using multiplanar reformatting regardless of the head position during scanning. a WMH located around the frontal horn of the lateral ventricle. b WMH located around the occipital horn of the lateral ventricle WMH distribution (Fig. 2) . A significantly higher proportion of subjects with obvious occipital dominant WMH (FO gradient B-2) and a lower proportion of those with obvious frontal dominant WMH (FO gradient C2) were found in the lobar ICH group compared to the 3C group (see Table 1 ). In contrast, significant differences were not detected between the lobar ICH and deep ICH groups, nor between the deep ICH and 3C groups (Table 1) .
After adjustment for age and gender, patients with lobar ICH had twice the risk of having obvious occipital dominant WMH than subjects in the 3C group (adjusted OR 2.6, 95% CI 1.1-6.5), whereas patients with deep ICH did not have a higher risk of occipital dominant WMH (adjusted OR 1.3, 95% CI 0.5-3.8). No significant group differences were found in obvious frontal dominant WMH across the three groups (Table 2) .
Finally, we compared the characteristics between subjects with obvious occipital dominant WMH and those with obvious frontal dominant WMH among the whole population. There were in total 30 subjects with obvious occipital dominant WMH (14 with lobar ICH and 7 with deep ICH, and 9 healthy 3C subjects) and 37 with obvious frontal dominant WMH (7 with lobar ICH and 9 with deep ICH, and 21 healthy 3C subjects). Those with obvious frontal dominant WMH were more likely to be women (81.1 vs. 53.3%, p = 0.01). Those with obvious occipital dominant WMH were more likely to have a higher Fazekas score (2 vs. 1, p = 0.0006). Among the 56 subjects with available APOE data, a significantly higher prevalence of the e4 allele (45.8 vs. 19.4%, p = 0.04) was detected in those with occipital dominant WMH (Table 3) . Similar trends were found in the individual groups (prevalence of the e4 allele in occipital dominant WMH patients versus that in frontal dominant patients: lobar group, 55.6% (5/9) versus 0% (0/6); deep group, 33.3% (2/6) versus 28.2% (1/5); 3C group, 44.4% (4/9) versus 26.4% (5/21)). These differences were not statistically significant (p = 0.08, 1.0 and 0.39, respectively), although this might have been related to the small number of subjects in each group.
Discussion
Using a visual semiquantitative MRI score, we compared the severity of WMH in the frontal lobe and occipital lobes in patients with deep and lobar ICH and in healthy elderly subjects. All patients with lobar ICH had possible or probable CAA. WMH were found to be equally distributed or have a frontal dominant distribution in more than half of the patients. Obvious occipital dominant distribution, however, was two times more prevalent in the patients with lobar ICH than in those with deep ICH or in the normal elderly subjects. Furthermore, these individuals were significantly more likely to harbor the APOE e4 allele. An occipital dominant WMH was detected in one-third of patients with CAA-related lobar ICH while only one-sixth of the subjects from on the 3C group were found to have more WMH in the occipital lobe. The proportion of patients with occipital dominant WMH in the deep ICH group was slightly higher than that among the healthy elderly but lower than that in the lobar ICH group, although neither of the group differences was significant. There is evidence to suggest that the white matter lesions in CAA are possibly caused by impairment of blood flow [13] . The heavy involvement of the occipital lobe in CAA vessel pathology may predispose this region to develop white matter lesions [7, [14] [15] [16] . A higher prevalence of the APOE e4 allele was found in subjects with obvious occipital predominant WMH (FO gradient B-2) . Moreover, 44.4% of the normal elderly subjects who showed obvious posterior dominant WMH also had at least one APOE e4 allele. This proportion is comparable to that of the patients with CAA, whereas among the whole sample of the 3C study, the prevalence of APOE e4 allele carriers was only 21.6% [17] . From these data, one could hypothesize that the obvious occipital dominant WMH in healthy elderly individuals might be associated with a higher risk of being an APOE e4 allele carrier. Whether such individuals have subclinical CAA needs further investigation. The occipital dominant WMH pattern has been previously investigated in patients with CAA or Alzheimer's disease and normal aging subjects, with conflicting findings [7, 8, 13, 18] . Both voxel-based analyses and region of interest analyses have been reported. For example, Holland et al. [13] found no differences in spatial distribution of WMH among patients with CAA or Alzheimer's disease and normal aging subjects using a voxel-based WMH frequency map. However, if group differences are relatively small but consistent across different regions of interest, voxel-based analyses may lack sufficient power to distinguish between groups. Furthermore, if different patterns of WMH distribution exist simultaneously within groups, averaging of all voxels will tend to minimize these differences. Our analysis may have had greater power to detect group differences compared to voxel-based analyses because of its region of interest based approach and larger sample size.
Other scales have previously been applied to compare the severity of WMH within subjects [8, 19] . However, in contrast to our evaluation (which was restricted to the WMH in the frontal lobe and occipital lobe), previous studies have compared anterior and posterior WMH in the slice through the centrum semiovale which results in evaluation of WMH mainly in the frontal lobe and parietal lobes [19] .
Several limitations should be mentioned. We chose not to use a quantitative volumetric measurement of WMH, which could be considered a limitation. However, the motivation for this study was to describe visual differences in WMH distribution in a pragmatic manner for clinical practice, rather than to precisely compare WMH volumes. Although less quantitative, this approach may be able to better assess gradients of WMH burden across the whole lobe compared to strict volumetric, voxel-based analyses. We are unable to exclude subclinical CAA in the subset of 3C subjects or the combination of hypertensive vasculopathy and CAA in the same patient, which may become possible in future studies as molecular amyloid imaging becomes more widespread. We used a population-based cohort of elderly subjects as a control group. Although this cohort was similar in its demographic characteristics to the ICH subjects, the fact that this population geographically and ethnically differed from the ICH group may represent a limitation. Finally, ApoE4 genotyping was available in only a subgroup of patients with ICH which could have been a cause of bias in our results.
We found a higher prevalence of occipital dominant WMH in subjects with CAA-related lobar ICH than in normal elderly people using a semiquantitative visual score. These results suggest that obvious occipital dominant WMH may be a clue to CAA and deserve more clinical attention. A study examining the relationship between cerebral amyloid deposition and WMH distribution may help to identify the potential mechanisms of occipital dominant white matter lesions. Studies in larger cohorts will be necessary to confirm our findings and to have greater power for examining risk factors for occipital dominant WMH.
